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ABSTRACT: Infrared transmission measurements reveal the hybridization of graphene plasmons and the phonons in a monolayer hexagonal boron nitride (h-BN) sheet. Frequencywavevector dispersion relations of the electromagnetically coupled graphene plasmon/h-BN phonon modes are derived from measurement of nanoresonators with widths varying from 30 to 300 nm. It is shown that the graphene plasmon mode is split into two distinct optical modes that display an anticrossing behavior near the energy of the h-BN optical phonon at 1370 cm −1 . We explain this behavior as a classical electromagnetic strong-coupling with the highly confined near fields of the graphene plasmons allowing for hybridization with the phonons of the atomically thin h-BN layer to create two clearly separated new surface-phonon-plasmon-polariton (SPPP) modes. KEYWORDS: Graphene, boron nitride, plasmonics, strong coupling, phonon-induced transparency, surface phonon plasmon polariton, plasmon phonon hybridization T he extreme light localization that is achievable in plasmonic nanostructures enables plasmonic modes to couple to optical excitations in their local environments, such as molecular vibrations, 1 phonons, 2 or excitons. 3−5 This confined nature of plasmonic modes, which results in an increased local electric field strength, has yielded methods for sensing and modification of the local optical environment including enhanced molecular detection, 6−9 optically active chemical reactions, 10 selective cell apoptosis in carcinogenic tumors, 11 and enhancing solar cell efficiencies. 12 These investigations have motivated researchers to design structures that focus the electric field into smaller volumes to enhance the interaction strength and also to seek materials and structures that increase the lifetime of surface plasmon modes, which reduce plasmonic losses that inhibit coupling to nearby optical excitations. The ultimate limit for research in this area is to achieve complete spatial and temporal control of the plasmonic coupling interaction with the electronic and vibronic excitations of single molecules or atoms where cavity quantum electrodynamic effects can become significant. Reaching this limit requires the fabrication of plasmonic devices with mode volumes approaching the size of single molecules.
Graphene plasmonic nanostructures offer new opportunities to explore these coupling phenomena and to further increase the interaction strength. 13 In graphene, the plasmonic modes can be confined in extremely small volumes that have been demonstrated experimentally to be ∼10 7 times smaller than free space with wavelengths more than one hundred times shorter than the free space at mid-infrared frequencies. 14, 15 In comparison, surface plasmons supported by normal metals typically display mode volumes that are 10 3 times smaller than freespace with similar damping. 15, 16 Thus, it is expected that graphene plasmons should couple more strongly to their local environment than normal metal plasmons. Recent experiments performed on graphene devices on SiO 2 14,17 and SiC 18, 19 substrates have shown that the graphene dispersion relation is indeed modified due to the substrate phonons with extra modes appearing due to plasmon-phonon coupling that have been described as surface-phonon-plasmon-polaritons, or SPPPs. 14 In those experiments, however, the substrates used were much thicker than the plasmonic wavelengths and thus did not test whether the graphene plasmons were coupling to a large volume of phonons spread throughout the dielectric environment or only to the phonons in the immediate vicinity of the graphene sheet. Recently, experiments have been performed to investigate the coupling between graphene plasmons and thin layers of PMMA, showing that the PMMA phonon spectral signature can be enhanced through graphene plasmon coupling for PMMA layers as thin as 8 nm. 20 Here we fabricate graphene nanoresonator devices on a monolayer h-BN sheet in order to test the ability of graphene plasmons to couple to optical excitations that occupy an atomically thin slice of volume near the graphene. We find that the small mode volume of the graphene plasmons combined with the high oscillator strength of the h-BN phonons allows the two modes to strongly couple, forming two clearly separated hybridized SPPP modes that display an anticrossing behavior.
A schematic of our experimental device is shown in Figure 1 . A monolayer h-BN sheet grown using chemical vapor deposition (CVD) on copper foil (Graphene Supermarket #CVD-2X1-BN) is transferred to a SiO 2 (285 nm)/Si wafer and a CVD-grown graphene sheet is subsequently transferred onto the h-BN. Nanoresonators are patterned into the graphene surface using 100 keV electron beam lithography in PMMA, followed by an oxygen plasma etch. Infrared spectroscopy analysis reveals that the h-BN layer is also degraded in the lithographed areas exposed to the oxygen plasma (see Supporting Information). The resonators are patterned into electronically continuous bar array patterns with widths ranging from 30 to 300 nm, and a 1:2 width-to-pitch ratio, as shown in Figure 1D . The dimensions of patterned nanoresonators are later precisely measured by using atomic force microscope (AFM). The Si layer was contacted and used as a back-gate electrode, and Cr(2 nm)/Au(100 nm) contacts were evaporated onto the nearby graphene surface such that the conductivity of the graphene could be monitored in situ. The charge neutral (zero carrier density) point was determined by the applied gate voltage that gave maximum resistance of the graphene sheet, and the carrier density at different gate voltages was determined by monitoring the cutoff energy of interband transitions in the graphene, which occurs at 2E F , where E F is the graphene Fermi level. 21, 22 As observed in previous work, 14 the charge neutral point is offset from zero gate voltage due to impurities introduced during the sample fabrication that holedope the sample (see Supporting Information). The device was then placed in a Fourier transform infrared spectroscopy (FTIR) microscope and measured in transmission mode with light polarized perpendicular to the nanoresonators. All graphene nanoresonator spectra were normalized relative to spectra taken with zero carrier density. For reference, a transmission spectrum was taken on a bare h-BN area of the sample, as shown at the bottom of Figure 2 . As can be seen in the figure, the h-BN spectrum is flat except for a narrow (19 cm −1 ) resonance near 1370 cm
, which has been assigned in previous studies as an in-plane optical phonon of the h-BN. 23 Figure 2 illustrates the dependence of transmission spectra on graphene nanoresonator width at 1.0 × 10 13 cm −2 carrier density. As can be seen in this figure, multiple features appear in the spectra, namely, two distinct sets of optical modes can be observed above and below 1200 cm . The two modes below 1200 cm −1 have previously been observed in graphene plasmonic devices on SiO 2 and have been assigned to SPPP modes associated with two SiO 2 phonons.
14,17 The two modes above 1200 cm . A close analysis of these two features reveals an anticrossing behavior near the 1370 cm −1 optical phonon energy of the h-BN with the lower (upper) mode approaching that energy for small (large) ribbon widths. Furthermore, there is a relative shift in intensity between the upper and lower modes as the ribbon width varies with the upper mode being more intense for small ribbon widths and vice versa. Significantly, the signal intensity between the two features drops nearly to zero for 80 nm resonator widths, when the two features have equivalent intensities. In order to better understand the characteristics of each mode, we calculate the transmission spectrum of graphene nanoresonators for various widths using a finite element method within a local random phase approximation. 24 Here, the in-plane dielectric function of monolayer h-BN is described using Lorentz oscillator model with parameters fitted from transmission measurement of the bare h-BN on SiO 2 , 23 and its thickness is modeled to be 0.34 nm, which is the interlayer spacing of bulk h-BN (see Supporting Information for details). The scale-invariant plasmon phase shift upon reflection at the nanoresonator edges is calculated to be φ ≈ 0.35π.
14 This implies that the plasmon wavevector k p = (π − φ)/W for the first-order plasmon resonance with the width, W, extracted from AFM measurements. The resulting carrier-induced change in transmission is plotted in Figure 3 for varying wavevector and energy at 1.0 × 10 13 cm −2 carrier density. The dispersion of the graphene/h-BN/SiO 2 nanoresonator optical modes can be observed in this plot as the maxima in the transmission modulation, −ΔT/T CNP . These features show a strong correspondence with the experimentally measured features with modes appearing above and below the h-BN optical phonon energy that display a clear anticrossing behavior.
The behavior displayed experimentally and theoretically in Figures 2 and 3 is indicative of a hybridization between the graphene plasmons modes and the h-BN optical phonon modes that creates two new SPPP modes with dispersion relations that are distinctly different from the original graphene plasmon dispersion (dashed line, Figure 3 ) as well as the graphene/SiO 2 dispersion (dashed-dotted line, Figure 3 ). This hybridization can be understood through an electromagnetically coupled oscillator model where the local polarization field created by lattice displacement in the h-BN exerts a force on the free carriers in the overlying graphene resonators via near field interaction, and likewise the polarization due to displaced carriers in the graphene exerts a force on the h-BN lattice. When this coupling becomes sufficiently strong, the lifetimes and the energies of the two constitutive optical modes can be significantly shifted and the resulting optical features are hybrid modes, or SPPPs. These new optical modes contain both plasmon-like and phonon-like character with the relative contribution of each constitutive mode dependent on the graphene ribbon width and carrier density. Recognizing that each spectrum displayed in Figure 2 shows the relative difference in transmission while varying the carrier density in graphene, the relative intensity of two resonances roughly indicates how much the graphene plasmon contributes to each hybrid SPPP mode. Therefore, we know that the upper (lower) SPPP mode is more plasmon-like for small (large) ribbon widths from the relative shift in peak intensity; for 80 nm graphene/h-BN resonators, the two modes are both equally plasmon-like and phonon-like. This behavior is consistent with the extracted dispersion properties of each mode shown in Figure 3 .
In combination with the hybridization behavior described above, we observe a pronounced minimum in absorption near the h-BN phonon energy for 60, 80, and 100 nm resonators for peak that occurs at 1370 cm −1 has previously been assigned to an optical phonon in h-BN. 23 The dotted vertical line indicates this peak position as a reference for the other spectra. which the bare graphene plasmon mode would typically overlap the h-BN phonon energy. We interpret this phenomenon as a classical, phonon-based analogue to electromagnetically induced transparency (EIT) experiments performed on atomic gases. In this description, it is observed that when the graphene plasmon mode is brought into resonance with the h-BN phonon, the polarizations of the two modes cancel each other out, creating a transparency window where no absorption occurs in the plasmonic modes. This mechanism can be explored theoretically, by plotting the electric field and polarization density profiles of 80 nm resonators at the upper and lower SPPP energies for 1.0 × 10 13 cm −2 carrier density, as shown in Figure 4 . These profiles show that at the peak absorption frequencies the polarization density is predominantly in the graphene sheet, and there is a large E-field that arises due to the optical resonance. In the transparency window, however, there is significant polarization density in the h-BN layer that acts to cancel out the polarization in the graphene sheet and results in a substantially weaker surrounding E-field. This indicates that the system has a small dipole moment and, therefore, weak optical coupling within the narrow frequency range where the graphene plasmon frequency matches the h-BN phonon frequency, thus creating the transparency window observed in our data.
The clearly separated resonance peaks also indicate that the coupling between graphene plasmons and the h-BN phonons enters a classical "strong-coupling" regime, where the associated electromagnetic interaction can fully transfer energy between the plasmon and phonon states before decaying via damping. This regime is characterized by a large splitting between the two hybridized modes, such that the minimum energy separation is more than the sum of the two line widths, and the spectral intensity between the two modes approaches zero. 25 For the experimental data shown here, the minimum splitting we observe between the two graphene/h-BN SPPPs is 100 cm −1 (for 80 nm resonators), which is more than the sum of the two associated peak widths of 25 and 55 cm −1 , indicating that the system is in a strong coupling regime. 25 This phenomena has been explored in conventional metal plasmonics experiments using molecular vibrations or dyes coupled to metallic plasmons. 3, 4, [7] [8] [9] 26 In those experiments, however, a thick (>20 nm) layer of optically active material was required for strong coupling to be achieved. Here, we observe that the high confinement of graphene plasmons allows them to strongly couple to optical phonons in an atomically thin layer. In order to explore the limits of the graphene−h-BN coupling phenomena, we performed spectral simulations to investigate how the coupling strength varies as the spacing between 80 nm graphene ribbons and the h-BN layer is varied from 0 (direct contact) to 80 nm. As shown in Figure 5 , both the splitting between two hybrid SPPP modes and the depth of the transparency window, which are indicatives of the coupling strength, rapidly decrease as the interlayer distance increases. When the layer spacing reaches 20 nm, the transparency depth is less than half of that when there is no interlayer spacing, and at an interlayer distance of 80 nm the coupling becomes so weak that the hybridization effects are barely observable. These simulations indicate that the large mode confinement of graphene plasmons restricts their range of interaction to just tens of nanometers from the graphene sheet.
In conclusion, this study shows that the high-field confinement of graphene plasmons allows for classical strong coupling to be observed between the graphene plasmons and the phonons of a monolayer h-BN sheet. The small volume of the h-BN sheet indicates that a very small number of optical excitations with large oscillator strengths are sufficient to achieve strong coupling to graphene plasmons, as long as the excitations are in the immediate vicinity of the graphene sheet. As the distance is increased, however, simulations show that this coupling phenomena rapidly decays with a characteristic length scale a few times shorter than the resonator width. This work indicates that graphene nanoresonators can serve as extremely sensitive probes of their local environments and opens the door for further investigations employing excitations of single or a few quanta interacting with the graphene plasmons.
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